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Introduction
In the previous part of the Ruminations we focused on the mechanical properties of the
quill, how and why it breaks down and what we can do about it. In this part we will try
to assess if there are any design decisions or voicing practices that are beneficial to the
life expectancy of quill. It will be a bit heavier in theoretical content than the previous
ones and although we already have a handy scientific toolkit to help us along, there is
still a lot more to be discovered that will prove useful.
Starting with some basic formulas from structural engineering, some mathematical manipulations are then involved to get to our conclusions. I will not explain how
the basic formulas themselves are obtained as these can be found in any textbook on
structural engineering. These equations will be marked with an asterisk (*). The mathematical manipulations may be a bit tedious for some readers but they may be bypassed
without, hopefully, losing track of the argument.

Bent beams
For our next step in understanding how quills behave, we need to dive a bit deeper
into the Euler-Bernoulli theory concerning bending beams. They found the following
equation for a bending beam of equal cross section over its length:
 4 
d w
EI
= q (*)
dx4
It may look complicated, but do not worry, we will not use it directly. It is such an
important equation that I wanted to show it anyway. I will first briefly explain what all
the letters stand for.
E is the elasticity modulus, also called Young’s modulus1 , a value that depends on
1 After

the British scientist Thomas Young, 13 June 1773 – 10 May 1829, the same one who devised the
temperaments with the that name.
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what the beam is made of. It informs us about the springiness of the material itself.
I is called the second moment of area and its value depends on the size and shape of
the cross section of the beam. A round rod for example has a different value from a
square beam and thicker beams have higher values than thinner beams. Together, as
the product EI, they define the flexibility of the beam. The higher the value of EI, the
more difficult it will be to bend. q is a force that is applied somewhere on the beam. The
variable w is the deflection from its original position at any point x along the beam. The
letter d that appears before w and x is not a variable, but denotes small changes (called
differentials in mathematics) in w and x. This equation was derived around 1750 and its
success has established it as a corner stone of structural engineering up to the present
day.
Take a look at Figure 1 as an example. Clearly, w has different values for different
values of x, but the way it appears in the equation makes it a so-called differential
equation: it is a change in the deflection w along the beam in the x-direction, rather
than the deflection itself. Maybe you remember something about calculus from your
mathematics courses when you were 14 or 15 years old. Maybe you also remember
that a change of w along x is calculated with the differential, written as dw/dx. In the
Euler-Bernoulli equation we have d4 w/dx4 , representing the change of the change of
the change of the change of w along x, which is a mathematical way to describe the
curvature of the beam. We owe the methods of differential calculations to Newton and
Leibniz2 who – independently from each other – invented calculus, but the terminology
and the notation we use today comes from Leibniz.
F
w
x
θ
Figure 1: Deflection of a beam bending as a result of a force at its end. w Is the
distance that the beam deflects from its original position at any point along the
beam.

In a differential equation you cannot just fill in values for the known quantities and
calculate the unknown values as you do if you want to convert currencies. Instead, a
solution is yet another equation. Also, there are many solutions, because such a solution
2 Gottfried

Wilhelm (von) Leibniz, (1 July 1646 – 14 November 1716) was a prominent German polymath and one of the most important logicians, mathematicians and natural philosophers of the Enlightenment.
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or equation depends on the configuration of the beam. For example, the load q can be a
single force that is acting in the middle of the beam, or it can be a series of forces along
its length, or the ends of the beam could be hinging, or they can be completely clamped
or free to move.
For our quill problem we will look at a beam that is fixed at one end and has a single
force at the other, freely moving, end, as in our example in Figure 1. The Euler-Bernoulli
equation can be solved for this configuration and as explained above, the result are yet
more equations. One of these gives the angle of deflection θ (pronounced theta3 ) at the
tip
Fl 2
θ=
(*)
2EI
In the case of a beam with a rectangular cross section of width b and thickness h, the
second moment of area I is
bh3
I=
(*)
12
Substituting this in the equation for the angle at the tip we get
θ=

6Fl 2
Ebh3

If we write this equation in a different way where we single out the force, we get
F=θ

Ebh3
6l 2

We see that the force that is withstood for a certain angle is proportional to the thickness h to the third power. So if the thickness diminishes by 5% to 95% of its original
thickness, for the same angle θ at the tip we get a force that is (95%)3 ≈ 86% of the force
of the original quill. This means that even if there is a thin layer peeling off a quill, it
will immediately be noticeable as a weaker voicing.
Another thing to note is that the length of the quill appears squared in the denominator. So if the length increases, say 10%, and we want to keep the same force, the angle
has to increase by 21% (1.102 = 1.21).
The Euler-Bernoulli equation can also be solved to give the force at the tip of the
beam as a result of a deflection at the tip that I shall indicate with W (a capital W as
opposed to the small w we saw before that served to indicate the deflection anywhere
along the beam):
3WEI
F=
(*)
l3
3 It

is customary in physics and mathematics to use Greek letters for certain variables. Many symbols
have traditional uses (π as the ratio of the circumference and the diameter of a circle is probably the most
famous) but also angles are generally indicated by some Greek letter. For those who are not familiar with
the Greek alphabet I will give the pronunciation every time a new letter appears.
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As we already know, the second moment of area I is
I=

bh3
12

(*)

so that

WEbh3
4l 3
The configuration of a quill is normally a little bit different than the one for the beam
presented here. For a start, we have seen that the force of the string is perpendicular to
the tip of the quill, which is not completely vertical. The situation would be like the one
depicted in Figure 2, but as we saw in part 1 of our Ruminations, we can decompose
the string force into a horizontal component FSh = FS sin(θ ) and a vertical component
FSv = FS cos(θ ), and determine the effect of these forces separately on the quill and later
add up the effects4,5 .
F=

FS

FS cos(θ )

W
θ

FS sin(θ )

Figure 2: Bending quill, horizontally inserted in the tongue, with decomposed
string force.
.
Also, quills are normally a bit upwardly inclined and not completely horizontal.
However, that will be a rather simple extension to our analysis as will become clear
further on. For the moment we will focus on horizontal quills.

Example: quantification of moments of force on the tongue
Before we get into applying the beam equation to quills, I will show how the equation can be successfully used in a practical situation. In part 2 of the Ruminations, I
4 The

fact that the horizontal component FSh is FS sin(θ ) follows directly from the definition of the sine
function: it is the opposite side divided by the hypotenuse, so sin(θ ) = FSh /FS . The value of the vertical
force follows similarly from the definition of the cosine function.
5 It is common practice to put the qualifier of a variable as a subscript to its symbol. Thus, here F
S
stands for the force exerted by the string, FSh for the force exerted by the string in the horizontal direction,
and so on.
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remarked that the force that the bristle exerts upon the tongue is small compared to
the force of the string on the quill. With the Euler-Bernoulli equation for beams we
are able to assess if this is true. In this example I will take a jack belonging to the Antunes instrument of 1789 in the museum in Lisbon. It doesn’t have a bristle to push the
tongue back, but a brass spring, about 15mm long from where it leaves the jack to its
tip, 0.5mm wide and 0.25mm thick. I discovered that proper functioning is obtained if,
when mounting the tongue, it pushes the brass spring about 0.5mm backwards from
its rest position. We will use the equation relating the force and the deflection at the tip
of the beam that we saw above
WEbh3
F=
4l 3
to find the force with which the spring pushes against the tongue. All we have to
do now is fill in the values (the value for the elasticity modulus can be found in an
appropriate table for material properties, but we have to be careful to use consistent
units throughout):
W = 0.5 × 10−3 m,
E = 100 × 109 N/m2 ,
b = 0.5 × 10−3 m,
h = 0.25 × 10−3 m,
l = 15 × 10−3 m
and compute the result, which gives a force of about 0.015N (N stands for “Newton”,
the scientific unit for forces, named of course after Sir Isaac Newton. 0.015N is about
1.6 grams force).

FWv ( = m j g)

FW

FW

B0
FB
W0

A
FWh

W

(a) Moments of force on the tongue at the
return of the jack.

(b) Force of the string on the quill at return.

Figure 3: Forces and moments just before the jack falls past the string.
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We can do a quick check whether this is a reasonable value. When the jack falls back,
the weight of the jack has to make the tongue rotate clockwise. For this to happen, the
moment from the quill has to be larger than the moment from the spring. So in Figure
3a, FW × AW 0 has to be greater than FB × AB0 . The force FW is the result of the weight
of the jack resting on the string. This force is calculated from m j × g where m j is the
weight of the jack in kg and g is the acceleration due to the earth’s gravity ≈ 9.81m/s2
Before we go on, we can see immediately from Figure 3a why an inclined quill is
so helpful in the return of the jack: the line of the string force rotates and the distance
from the line of force to the axle increases from AW to AW 0 , a considerable amount as
can be seen from the diagram. There is yet another beneficial effect, though small, that
is shown in Figure 3b. The vertical component of the string force has to be equal to the
weight of the jack. FW is inclined, so it will be larger than the force resulting from the
weight. But as stated before, this effect will be small, so I will not take it into account in
the calculation.
We will estimate the weight of the jack by multiplying its volume by the density of
the wood. The jack is about 10cm long, 4mm thick and 12mm wide, the typical density
of the wood (orange wood in this case) is about 700kg/m3 . This gives a weight of 3.36
grams, resulting in a force of about 0.033N. If the distance between the string and the
jack is 4mm, AW 0 can be estimated to be about 6mm. The distance from the axle to
the point where the spring touches is 7mm for the Antunes jack. We see that there
is indeed a resulting clockwise moment of force because the weight of the jack yields
0.033×6=0.198Nmm, which is greater than the 0.015×7=0.105Nmm from the spring6 .
We can now also make an interesting comparison between a brass spring and a
hog bristle. A hog bristle needs to be displaced about 4mm from its position before
mounting the tongue7 . This will result in a similar force from the bristle on the tongue
to the one from the brass spring, because it will also counter the same weight of a jack.
But the displacement to achieve this force is 8 times more than with the brass spring.
From the Euler-Bernoulli equation we see that the force is proportional to the amount
of displacement. So by rotating the tongue a little bit, the force of the brass spring will
increase 8 times more than the force of the boar bristle. The brass spring is much stiffer
than the bristle, so the tongue will return faster to its vertical position after the quill has
fallen past the string. This results in a faster action, allowing for a faster repetition of
notes.
We will next calculate the force the string exerts on the quill just before the pluck by
using Newton’s Laws and a little bit of geometrical analysis. In Figure 4 I have drawn
a schematic of the situation. The string is fixed between the nut, N, and the bridge,
B. The quill lifts the string up by a small amount δ (delta) at the pluck point P. At that
6 The

units (also called dimension) of a moment of force is Force × Length and is normally given as
Nm (Newton × metre, pronounced Newton metre). In this case however, as the moment of force is small,
I chose Nmm (Newton millimetre, so 1000 Nmm = 1 Nm).
7 In my experience, this works well for a bristle thickness of 0.4mm.
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point, the horizontal components of the string tension between NP and PB respectively
have to be equal to ensure equilibrium of forces, so Fh,NP = − Fh,PB . From the shapes of
the triangles of the displaced string we can easily find the vertical components:
Fv,NP =

δ
F
,
NP h,NP

Fv,PB =

δ
F
PB h,PB

If the displacement δ is small, the horizontal components will be almost equal to the
string tension. For an iron string of 0.27mm, which is a typical diameter for middle C
in a French harpsichord, that will be about 42N. For middle C, NP will be 15cm and PB
60cm, and δ is about 1.5mm for a normal voicing. Filling in these values we get
Fv,NP = 0.42N,

Fv,PB = 0.105N

adding up to 0.525N (about 55 gram force). The vertical component of this force is the
force that has to be overcome by pressing the key. (The resistance that a player feels still
depends on the position of the balance point, see the explanation of the lever system in
part 3.)
FNP

FPB
δ

N

B

P

Fh,PB

Fh,NP
Fv,PB
FNP

FPB

Fv,NP
Figure 4: Forces in a string at the displacement in P.

.
We have now got a quantitative estimate for both the string force and the force of
the spring or bristle on the tongue at rest. And indeed, the string force (0.525N) is 35
times greater than the bristle force (0.015N), so that as soon as the force line of the string
moves behind the axle, there is immediate danger of the tongue flipping backward.

The vertical string force
Following this example in which we saw that we can effectively apply the beam theory
of Euler-Bernoulli, we will now return to our quills. In Part 2 of the Ruminations, we
7

saw that moving the jack further away from the string improves our chances of the
tongue not flipping backwards at the pluck. Can we say anything interesting about the
effect that a greater distance has on the quill itself? More specifically: does this distance
influence the expected life time of the quill? To answer this question we have to juggle
a bit more with mathematical formulas.
As mentioned in the part 3, the resistance to fatigue of a material depends on the
stress inside the material and the number of times it is applied. In comparing long and
short quills, we only need to see if the maximum stress is different, because the number
of times it is applied is the number of times a note is played, which is evidently the
same for both cases.
We will first analyse the contribution of the vertical component of the string force,
FS cos(θ ). The maximum stress inside a beam (which, by the way, occurs near the surface as we saw in chapter 3) is represented as σmax (sigma) and can also be derived from
the Euler-Bernoulli formula. It is given by
σmax =

Mmax h
I

(*)

where Mmax is the maximum value of the moment inside the quill that results from the
string force. We know the moment caused by the string force is greatest where the quill
comes out of the tongue, because that is the greatest possible distance from the force
line, so that Mmax = FS cos(θ )l. Substituting this and the expression for the second
moment of area I in the formula for σmax gives us
σmax = 12

FS cos(θ )l
bh2

The horizontal string force
To find the maximum stress due to the horizontal force, we can again start with the
same formula for the maximum stress that we saw before
σmax =

Mmax h
(*)
I

This time however, the bending moment is FS sin(θ )W as can be seen from Figure 2, so
we get
FS sin(θ )Wh
σmax =
I
In the previous sections we used formulas that calculate the vertical force from the
deflection angle θ and from the amount of deflection w:
FSv =

3WEI
EI
, FSv = θ 2
l3
2l
8

Combining these two expressions we get
2
θl
3
We have to point out that this result is actually only valid for a curve on the beam
caused by a vertical force. But we will now assume that the quill subject to the total
force is bending in the same way as it would for the vertical force only. This is not entirely true because the moment of bending does not decrease linearly as we move away
from the tongue. The bending moment due to the horizontal force actually changes
in the same way as the deflection changes along the length of the quill. But that is a
sophistication that we will not go into.
Substituting this expression for w in the formula for the maximum stress we get
W=

FS 2 sin(θ )θlh
3I
Now we are almost where we want to be, but there is still one detail missing. The
maximum stress we found is due only to the bending moment of the horizontal component. The horizontal component is pushing the quill lengthwise, acting over the total
area b × h of the cross section of the quill, thus generating a pressure of F sin(θ )/bh.
As I mentioned in part 3, we are only interested in the maximum stresses near the top
surface of the quill where there are pull forces, so this pressure has to be subtracted
(compare the prestressed concrete beam in part 2), giving
σmax =

σmax =

2F sin(θ )θlh F sin(θ )
−
3I
bh

Filling in the formula for the second moment of area I = bh3 /12, we can write the total
maximum stress at the top surface of the quill as
F sin(θ )(8θl − h)
bh2
To simplify this formula a bit, we will leave out the part due to the pressure of the
horizontal force, because h will be small compared to 8θl. For example, for a small
angle of θ = 10deg (0.175rad) and a length of 4mm, we have 8θl = 5.5mm compared to
a thickness h of 0.25mm. For larger angles, the ones we are interested in, the difference
will be even greater. So we will simplify the maximum stress due to the horizontal
component to
F sin(θ )(8θl )
σmax =
bh2
σmax =

Jack in slow motion
In the previous sections, we looked at the influence of the vertical component and the
horizontal component of the string force separately. We could now combine these effects to find the maximum stress due to the total string force. But before we do so, I
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would first like to review what actually happens to the quill and the string when we
slowly push up the jack while the quill and the string are in contact.
Firstly, I would like to point out that once a quill is cut to the correct voicing strength,
taking off some of its length does not really change the strength of the voicing. So the
string apparently moves more or less along a circle around its original position (the
equal voicing circles in Figure 4b, Part 2) as we move closer towards the point of the
string release.
In Figure 5, I have drawn the supposed trajectory of the string where it touches the
quill. Initially, the string is at rest at position 1. The quill then lifts the string to position
2. From there on, it can easily shift horizontally: at position 2 there is no horizontal
component at all, so nothing is hindering a motion towards position 3. Even at position
3, the horizontal force is still small and the vertical force still almost equal to the total
string force (I have drawn a dashed rectangle to show the decomposition). However,
the distance between the string and the tongue has increased a bit. We saw from the
formula of the deflection angle that for an increased length, the angle will get greater if
the force has to stay the same (down its length the quill gets more and more flexible),
so the jack must have been pushed up to achieve this.
As we move the jack further and further
up, the quill will continue to bend, pushing
the string further down the circle to 4 and pos3
2
4
sibly further until we are at the point of re5
lease at 5. As the angle increases, the vertical
component of the string force FS cos(θ ) diminishes.
At the same time, the horizontal force
FS
FS sin(θ ) grows. A diminishing vertical force
and an increasing touch length imply less vertical string displacement, but a growing horizontal force pushes the string further to the
left.
1
In reality, the string will normally not
reach position 2, but at some point during its
Figure 5: Trajectory of the string
lifting will move away from the vertical and
before plucking. The small circle
go in the direction of position 3, as shown by
is the cross section of the string at
the dashed and dotted line in the diagram.
various stages.
But I have observed a sudden horizontal shift
like the one from 2 to 3 in real cases, especially
in the tenor and bass region. The exact pathway will depend on a number of variables, such as the upward inclination of the quill,
the voicing strength and the initial distance between string and tongue. But it is apparently this delicate interaction of forces and angles that plays out to keep the total
displacement of the string practically unaltered. Evidently, as the length of the quill
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passing under the string increases, the release angle will be greater because the string
will be displaced a little bit more sideways, thus the vertical deflection of the quill will
be greater (remember that w = 23 θl) and consequently the moment of release will be
later. So the amount of quill passing under the string does have an effect on the staggering.
I have described the movement of the jack in slow motion so that we can think
of the situation as being at a standstill all the time. In reality, the movement of the
jack is a fast process. It is possible that the exact movement of string and quill is a
bit different. It is even possible that, under the right circumstances, the movement is
different for different speeds of motion, which could allow for some dynamics when
playing. It would be interesting to pursue this idea further, but it is beyond the scope
of the present analysis.
For the continuation of our discussion, it is helpful to define a few terms. The distance between the heart of the string and the tongue I will call the touch length. For
a horizontal quill that is the distance between the point on the quill where the string
initially touches (at position 1) and the tongue. If the quill is a bit inclined this will be
only approximately true, but good enough for our purpose. The amount that the quill
passes under the string, from the touch point to its tip, I will call the overlength. Finally,
the distance between the actual contact point at any position from 1 to 4, will be called
the effective length.
One last thing before we go into combining the force components: I would like to
go back briefly to our analysis of the tongue flipping backwards before the pluck in
part 2. Obviously, the vertical component of the string force only makes the tongue sit
tighter to the jack. But it is the horizontal force, towards the tongue, that induces the
clockwise moment. As we have seen, the appearance of this force does not add much
to the voicing strength. So in the end, maybe a tongue flipping backwards just before
the pluck is only a minor hiccup in the correct functioning of a jack. It may even be
beneficial to the durability of quills, as we will see further on. In practice, we should
of course be careful that the flipping tongue does not hit neighbouring strings and it
should not hinder a reliable repetition of the note.

Combining the horizontal and vertical components
Let us now combine the effects of the vertical and horizontal components to find the
maximum stress inside the quill. We can simply add the two maximum stresses together to find the total maximum stress
σmax =

FS l
{12 cos(θ ) + 8θ sin(θ )}
bh2

This may seem somewhat complicated, but if we look closer at how σmax depends
on different values of θ, it becomes surprisingly simple.
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In Table 1 I have listed the value of 12 cos(θ ) + 8θ sin(θ ) for various values of θ (if
you want to check these calculations, be sure to use θ in radians. I have listed the values
in the degrees, because they give us a much better sense of the angle than radians).
θ
(deg)
0
10
20
30
40

12 cos(θ ) + 8θ sin(θ )
12.00
12.06
12.23
12.49
12.78

%vertical
component
100
98
92
83
72

%horizontal
component
0
2
8
17
28

Table 1: Values of 12 cos(θ ) + 8θ sin(θ ) for various θ and the relative contributions
due to the vertical and horizontal components.

Although the relative contributions of the individual components 12 cos(θ ) and
8θ sin(θ ) change, the total value hardly changes. Any increase in the horizontal component is compensated by a decrease in the vertical component. So as the jack is pushed
up, the maximum stress we find inside the quill does not change significantly due to a
changing direction of the force. We can therefore simply state
σmax = 12

FS l
bh2

In the next sections, we will investigate when the internal stresses attain their maximum values and if there’s anything we can do to keep them as small as possible.

Friction
Let us first address once again the issue of friction. As I argued in the previous part of
these Ruminations, friction will reduce the lifetime of quills. I showed that one of the
consequences of friction is that the quill needs to be thinner in order to get the same
voicing strength as without friction. We can immediately see from our formula for the
maximum stress inside a quill that this aspect of friction is indeed detrimental to the
lifetime of quills. If the quill is thinner for the same voicing strength (and thus the
same string force FS ), the internal maximum stress σmax increases strongly because it is
inversely proportional to the square of the thickness h.
If you are sceptical of the above, compare the same quill with and without friction.
A quill with friction produces a much louder tone than the same quill without friction:
when lubricating a “scratching” quill with grease the voicing becomes softer, thus with
friction the string force is much higher. Our formula shows that a higher string force
12

with the same thickness of the quill increases the internal maximum stress because they
are directly proportional, which is what we intuitively already expected.

The overlength
Looking at our formula for the stress from combined horizontal and vertical forces, we
see that the stress will be greater for a greater effective length l. That means that as
the string slides down the quill and moves to the left along the circle of equal voicing
strength, the maximum stress will increase. The string force FS will remain constant as
will bh2 (assuming the quill is uniform in thickness and width), so the stress increases
proportionally to the sideways displacement of the string. We can minimise this displacement by making the overlength as small as possible.
But one needs a minimum amount of overlength. In my experience, an extra length
that gives a string release at an angle of 10 degrees, position 3 in Figure 5, does not
give a reliable action, rather the release needs to be at position 4 or 5. It is clear that the
extra horizontal displacement, and thus the extra bending moment and extra associated
maximum stress in the quill, does not increase much from 4 to 5, meaning that making
quills with a bit more than the minimum required overlength does not affect the lifetime
very much.
However, short touch lengths exacerbate the increase of the maximum stress much
more than large touch lengths. A sideways displacement of 0.6mm with a 3mm quill
gives an increase of 20% in the stress but with a 6mm quill it is only 10%.
Returning once more to the tongue flipping backward just before the pluck, this will
prevent the effective length reaching the full length of the quill and is therefore actually
beneficial for the life expectancy of a quill as it prevents the maximum stress from rising
to its full extent.

Long vs. short touch lengths
We will now try to find out if a longer touch length (in which the distance between
the jack and the string is greater), apart from mitigating the effects of the overlength, is
advantageous in other ways for extending the life time of quills.
We want to compare different touch lengths but keep everything else the same. The
width and the overlength will remain the same and we want the voicing to be of the
same strength. This means that the string force just before release is the same in both
cases, and the angle of the quill at the tip is also the same. In this way the conditions at
the tip just before release will be identical. We will use the same formula as before for
the relation between the angle at the tip θ and the string force
θ=

FS l 2
2EI
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We can again fill in the second moment of area I and rearrange the equation to get

h=

6FS l 2
θEb
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For the two cases, only the length will change, the string force FS , the width b, the angle
θ, the elasticity modulus E and of course the number 6 are the same. We put all these
constant values together in one symbol, say c, so that we can in fact write
2

h = cl 3
(and hence c is some value that is the same for both quill lengths). If we use this result
in the expression for the maximum stress we get
σmax = 12

FS
1

bc2 l 3

We now have our answer: if we keep everything else the same but increase the distance
between jack and string, the maximum stress will be lower than for the short quill. This
means that the expected life time increases for longer quills. The effect is not very big
because the length appears with a power of 13 . Consider for example distances of 3mm
1
and 4.5mm. The increase in length is 50%, and the maximum stress is 1/1.5 3 × 100% ≈
87% of the stress in the short quill, a decrease of only 13%.
We can conclude that longer quills are more durable not only because of the weaker
influence of the overlength, but also because by making longer quills you have to add
extra thickness to get enough rigidity for the same voicing, resulting in smaller stresses.
There may be some connection to the 18th century. In his book Versuch eines Handbuchs der Erfindungen, Band 1 (Treatise of a handbook of inventions, Vol. 1), 1790, Gabriel
Christoph Benjamin Busch mentions a certain Hopkinson who has invented a new way
to quill harpsichords. According to Busch he makes the “tangent pieces from raven
feathers longer so that they maintain their elasticity longer and do not break off”8 . It
would be interesting to find out more about Hopkinson’s invention and compare it
with our findings here.

Loud vs. soft voicing
We can perform a similar trick to find out if the strength of the voicing influences the
life time of a quill. In this case we keep the length the same, but the string force FS has
8 The

original text in German reads: “Hopkinson erfand eine neue Art den Flügel zu bekielen. Er
macht die Tangentenstücke aus Rabenfedern länger, dann behalten sie ihre Elastizität länger und brechen
nicht ab.“ (page 347). By Hopkinson Busch probably meant Francis Hopkinson(1737–1791), an amateur
musician of Philiadelphia who experimented with various forms of quills in an attempt to improve the
tone and reliability of the harpsichord. I am grateful to Uwe Fischer for drawing my attention to the
passage in Busch and the information about Hopkinson.
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to increase. Also, as the voicing gets stronger, the angle at which the string releases will
become more vertical. If the displacement δ (the distance between the original position
of the string and the release point, see Figure 4) is not big and the angle θ is not too big
either and the displacement doubles, the force will double as will the angle (see Figure
4b in part 2). We then have for the soft voicing (subscript p) and the strong voicing
(subscript f )
Ff l 2
Fp l 2
θp =
, θf =
2EI p
2EI f
where we have established that Fp = 0.5 × Ff and θ p = 2 × θ f . We fill this in in the first
formula and find
0.5Ff l 2
Ff l 2
2θ f =
, θf =
2EI p
2EI f
We now have two equations for θ f but with different second moments of area. We can
therefore combine the two equations to see how these second moments relate to each
other
0.5Ff l 2
Ff l 2
=2
2EI p
2EI f
The solution of this equation is I f = 4I p . As before, we keep the width of the quills the
same, so we can deduce
h3f = 4h3p
√
or h f = 3 4h p . This tells us that if we want to make voicing stronger by having twice
√
the string force we had before, we need to increase the thickness of the quill 3 4 ≈ 1.6
times.
We use this result to find the maximum stresses in the quill for both the soft and the
loud voicing
Fp lh p
σmax,p = 2I
p
σmax, f =

Ff lh f
2I f

=

√
2 3 4 Fp lh p
4
2I p

Comparing these two expressions we see that
√
234
σmax, f =
σmax,p ≈ 0.8σmax,p
4
So by making the voicing louder, in this case lifting the string twice as high, the maximum stress in the quill actually gets smaller and the expected lifetime of a quill is
longer. This may look odd at first sight, but the reason is that you need to make the
quill thicker than would be necessary for just being able to sustain a higher string force.
You also need to increase the stiffness, and thus add extra thickness to the quill, to
compensate for a smaller release angle.
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Upward inclination of the quill
We have assumed until now that the quill sits horizontally in the tongue, but in reality the quill will be a little bit upwardly inclined. Although this improves the falling
through of the jack at the return, there’s also a price to pay, as we will see.
If the quill has an upward angle with respect to the tongue, it will have to bend first
according to the amount of the upward inclination to become horizontal at the point
where the string touches the quill. After that, it has to continue bending to the release
angle and we can apply the very same analysis as for a horizontal quill. Figure 6 shows
the situation. I have denoted the upward inclination with ϕ (phi) and the release angle
as always with θ. Now the quill has to bend so as to make the total angle at the tip
ϕ + θ.
There is one small difference with respect to the horizontal quill: the maximum
bending moment due to the horizontal force will not be directly next to the tongue but
in the top of the bend, because that is furthest away in the vertical direction from the
tip (see the distance W 0 in Figure 6). But as you can see, the difference is small. At the
same time, the contribution of the horizontal component to the maximum stress is still
only 28% for an angle of 40 deg (see Table 1), so that the overall effect on the maximum
stress will be very limited.
FS
ϕ
W0
θ
Figure 6: Bending of an upwardly inclined quill.
.
Remember that for a horizontal quill the relation between the angle and the force at
the tip – the string force just before release – is given by
θ=

FS l 2
(*)
2EI

We can make a sloped quill of the same material and length as a horizontal quill with
the same voicing strength as a horizontal quill by reducing the second moment of area I.
The way to reduce the moment of area is to reduce the thickness h, because I = bh3 /12
and therefore proportional to the cube of h. We see immediately from the equation of
the maximum stress
Mmax h
12Mmax
σmax =
=
I
bh2
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that reducing the thickness increases the maximum stress considerably, because σ is
inversely proportional to the square of h. This means that the more upwardly inclined
a quill is, the greater the tendency for layers to split off.

Tapering quills
We have seen that the maximum stress in the quill occurs close to the tongue, because
that is where we have the maximum bending moment due to the string force, from the
vertical component as well as from the horizontal component. This means that if we
could make the quill a bit stronger where the bending moment is higher, we can avoid
high stresses there.
Look again at the equation for the stress in a beam
σmax =

Fxh
I

(*)

As we move further away from the point where the force acts, the bending moment
increases. If we taper the width of the quill accordingly, we will have a more flexible
quill towards the point and a more rigid one near the tongue. Theoretically, if the
width were zero at the tip, we would have an equal distribution of the maximum stress
all along the quill. Of course that is not possible in practice, but we can try to make the
point as narrow as possible.
The remaining gradual increase of flexibility can be obtained by slightly tapering the
thickness. If a quill is of equal thickness along its length it would bend in a circle if the
maximum stress is the same along its length. That would be the optimum levelling out
of the maximum stress and therefore give the least possible value for that particular
quill. A thinner quill can be bent more to get the same maximum stress than for a
thicker quill because it increases with the amount of elongation of the outer layers.
That means that if you taper the quill not only in width but also in thickness, you can
go for a somewhat sharper curve near the tip.

Practice
In practice, you would cut a narrow point on the shaft of a feather, push it into the
mortise in the tongue and cut off the remaining part of the feather at the back of the
tongue. If you are experienced in finding the right part of the feather for each quill
(thinner ones for the treble notes, thicker ones for the bass notes) you would pick a part
that is a trifle too hard and then voice it down, slightly tapering the thickness from the
tongue to the tip. If that produces a curve of the quill that is almost circular, or curving
a little bit tighter towards the tip, you are close to the optimum shape for a long lasting
quill. Of course you should take care not to taper too much in thickness: a quill that is
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too thin at its tip will not be able to sustain the string force without bending excessively.
In any case, it is wise to avoid sharper curves near the tongue.
Frank Hubbard’s book Three centuries of harpsichord making gives an account of a
description by Gall how to cut quills from a feather. From this account one gets the
impression that Gall starts cutting at the base, as when making a pen. However, I prefer
to start from the tip and go to the base. In this way, one always has a strong hold of
the feather when cutting the points. Also, one will insert the quills with the (naturally
grown) thinner part at the string end and the thicker part in the tongue. As we have
seen, this helps to reduce the maximum stress inside the quill. One can then also push a
quill a little bit further into the mortise to make the voicing a bit stronger, thus allowing
a correction of quills that were voiced slightly too soft or have a thin layer peeled.
Our theoretical analysis showed that quills with greater touch lengths and stronger
quills will have a longer life. My experience with quills leads me to agree with that, but
it is a bit difficult to substantiate. Firstly, few quills have broken down in my five years
of experience, not nearly enough to have representative sample for all the variables
involved. Secondly, I do not keep a record of the breaking quills, so I have to rely on
my memory.
Having said that, if we assume that the notes in the middle of the keyboard are
played more frequently than the ones at the ends, generally speaking over all compositions, we would evidently expect quills in the middle region to break more often than
the ones at the ends. We would also expect a slight skew towards the treble, because
quills for the lower notes are a bit stronger and would therefore have less chance of
breaking. (Using the formulas presented above it is fairly straightforward to show that
the maximum stress in quills for lower notes is lower than for higher notes.) I would say
that this indeed is the tendency in the seven harpsichords I have voiced with polished
birds quill.
We have also seen that a steeper upward inclination of the quill will reduce the life
expectancy. The João Batista Antunes harpsichord of 1789 in the museum of Lisbon
seems to confirm this. Due to the irregular spacing between the strings, there are many
shorter quills. The upward inclination is also very strong (about 1:4 or 14 degrees as
compared to about 1:9 or 6 degrees for Hemsch or Taskin). This instrument requires
more maintenance than the other six I have worked on so far, especially for the shorter
quills. Although the characteristics of this instrument involve two different variables,
a shorter distance between the string and tongue and a strong upward inclination, it
does seem to confirm the present theoretical analysis.
The amount of overlength should be minimised to keep internal stresses low, but to
ensure a reliable action with a good repetition one cannot go below a certain minimum.
In my experience, it is best to gradually increase overlength from about 0.4mm in the
treble towards 0.6mm for the lower notes. A good rule of thumb is to have between
one and one and a half times the string thickness of quill visible from above when the
jack is at rest. However, the minimum required amount depends on a number variables
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such as the return speed of the tongue and the voicing strength (when the strings are
vibrating stronger, you need more overlength to make sure the quill grabs the string), as
well as how much play the jack has in the register slots. Note that excessive overlength
can be a hindrance to a quick return of the tongue.

Conclusion
We used the theory of Euler and Bernoulli applied to beams of constant width and
thickness to investigate the internal stresses in quills. Performing some basic manipulations of mathematical formulas and allowing some assumptions about the geometrical configuration of a quill and string just before the pluck occurs, we found that the
following conditions improve the life expectancy of quills:
• A very important design factor seems to be to have as much distance as possible
between the jacks and the strings so as to have long quills: the required extra
thickness to keep the same voicing strength reduces the maximum stress. Also
the increase in stress when the string slides down the quill is smaller for greater
touch lengths.
• Another important design factor is a to keep the upward inclination of the quill
limited. A slope of 6 degrees, exemplified in the Hemsch and Taskin instruments, seems a good compromise between a reliable fall-through of the jack and a
durable quill. A strong upward inclination seriously compromises the durability.
• Apply a strong rather than a soft voicing. The required extra stiffness of the quill
for a stronger voicing reduces the maximum stress inside.
• Not leaving an excessive overlength of the quills. When the the string slides down
the quill just before the pluck, the maximum stress in the quill will mount, so the
stress will be less for an earlier release.
• Taper the quills in width and, if necessary, in thickness to get a curve very much
like a circle just before plucking. If tapered also in thickness, the curve could even
be a bit tighter towards the tip.
Our theoretical analysis of quill performance is based on the assumption that there
is no friction. However, it is my belief that friction between a polished bird quill and a
string is small enough that a non-friction approach is warranted.
Another thing to observe is that the Euler-Bernoulli equation, from which most of
the basic equations (amount of deflection w, deflection angle θ, maximum stress σmax )
are derived is, strictly speaking, only valid for small deformations. There are theories of
beam deformation that take into account corrections for larger deformations but I don’t
think that the application of these theories, that make for a more complicated analysis,
is necessary for a simple qualitative analysis such as this one. Also, my own empirical
observations seem to be in accordance with the theoretical findings.
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Appendix: Historical instruments with old quills
I know of four historical harpsichords that have old quills, incidentally (or maybe not
incidentally) all four of them are located in Sweden. This appendix shows some images
of the present state of the quills. Note that if you have the digital version of this document, you can zoom in on the pictures, or copy them to another application that allows
you to zoom in. The photographs are taken by me unless otherwise stated.

Plate 1: Anonymous harpsichord, presently in Gotland, possibly of German origin.
(Photo by Andreas Kilström.)
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Plate 2: Anonymous harpsichord in Gotland, detail of the treble side of the registers
with jacks. (Photo by Andreas Kilström.)
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Plate 3: Harpsichord by H.A. Hass, 1728, in Leufstabruk. Present compass FF-f3 , probably enlarged in the 18th century from GG-c3 .
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Plate 4: Harpsichord by H.A. Hass, 1728, in Leufstabruk. Detail of the registers showing
the jacks for notes numbers 7 through 18.
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Plate 5: Harpsichord by M. Mietke in Hudiksvall.
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Plate 6: Harpsichord by M. Mietke in Hudiksvall, detail of the treble side of the registers. The fourth and fifth jack (counting from the left) in the front registers are numbered 51 and 52.
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Plate 7: Harpsichord by J.P. Specken in Luleå.
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Plate 8: Detail of the Specken harpsichord in Luleå. All quills are rather long and overall
rather pointed. Note that the pins for the long and short 8’ strings are very closely
spaced (upper left corner of the image) to give room for a maximum distance between
jack and string. The jacks are not in their correct positions. As far as I remember, the
entire 4’ register has no dampers.
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Plate 9: Three jacks from the Specken harpsichord in Luleå, front view.

28

Plate 10: The same three jacks as in Plate 9, side view. Note that the length of the 4’ quill
is comparable to those of the 8’.
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